Geometric Cue for Protein Localization in a Bacterium
Kumaran S. Ramamurthi, 1 Sigolene Lecuyer, 2 Howard A. Stone, 2 Richard Losick 1 * Proteins in bacteria often deploy to particular places within the cell, but the cues for localization are frequently mysterious. We found that the peripheral membrane protein SpoVM (VM) recognizes a geometric cue when localizing to a particular membrane during sporulation in Bacillus subtilis. Sporulation involves an inner cell maturing into a spore and an outer cell nurturing the developing spore. VM is produced in the outer cell, where it embeds in the membrane that surrounds the inner cell but not in the cytoplasmic membrane of the outer cell. We found that VM localized by discriminating between the positive curvature of the membrane surrounding the inner cell and the negative curvature of the cytoplasmic membrane. Membrane curvature could be a general cue for protein localization in bacteria.
P roteins often localize to particular positions within bacteria, sometimes in a dynamic manner. A striking but mysterious example of subcellular localization occurs during spore formation in Bacillus subtilis when the protein SpoVM (VM) localizes to a particular patch of membrane (1) . How VM discriminates between different membrane surfaces in the same cell is unknown.
During sporulation, the cell divides asymmetrically to create mother-cell and forespore compartments. Next, the mother cell engulfs the forespore, enveloping it with inner and outer membranes (Fig. 1A) . After engulfment, a protein coat is deposited around the outer forespore membrane (2) . Coat assembly depends on VM, a 26-residue peptide that is produced in the mother cell (3). VM is an amphipathic a helix (4) that inserts into the membrane with its long axis parallel to the membrane and its hydrophobic face buried in the lipid bilayer (5) . During engulfment, VM localizes to the membrane that tracks around the forespore, eventually decorating the entire surface of the forespore, as visualized by its fusion to green fluorescent protein (VM-GFP) (Fig. 1C) (1). Proline 9 (P9) (Fig. 1B) is critical for this localization (1), because substitution of P9 with alanine (VM P9A -GFP) resulted in localization to both the cytoplasmic and outer forespore membranes (Fig. 1D) .
After engulfment, the outer forespore membrane becomes topologically isolated from the cytoplasmic membrane. We wondered if VM would adhere to the outer forespore membrane after isolation. We engineered cells to produce VM-GFP in response to an inducer and triggered synthesis of the fusion protein after engulfment. To monitor topological isolation, we stained the membranes with a membrane-permeating dye, which stains all membranes, and a nonpermeating dye, which can only access the engulfment membrane before membrane fusion (6) . VM-GFP was localized almost exclusively to the outer forespore membrane even when the forespore was topologically isolated (Fig. 1, G to I) . As a control, VM P9A -GFP synthesized after engulfment localized promiscuously (Fig. 1, J to L) . Thus, VM-GFP partitions between both membranes, but the wild-type fusion protein is retained in the outer forespore membrane.
What does VM recognize? We wondered whether the localization cue for VM was geometric, because the outer forespore membrane is the only membrane in the mother cell with a positive (convex) curvature. We examined the localization of VM-GFP in cells of a triple mutant [SpoIID/SpoIIM/SpoIIP (D/M/P)] arrested with a straight polar septum (7) . VM-GFP behaved indiscriminately in such mutant cells, localizing to the cytoplasmic and engulfing membranes (Fig. 2B) .
As a further test of the idea that VM recognizes curvature, we took advantage of the fact that at low frequency (~1%) the D/M/P triple mutant develops a fissure in the septum, allowing the membrane to bulge into the mother cell (8) . VM-GFP should localize to this convex membrane protrusion. Indeed, VM-GFP localized with high selectivity to such bulges (Fig. 2C) . To test the curvature hypothesis, we examined the localization of VM-GFP in a heterologous host that also exhibits convex membranes, an Escherichia coli mutant lacking the cytoskeletal protein MreB (9) that forms internal vesicles similar in size to the forespore. In mutant cells, VM-GFP localized almost exclusively to the surface of the vesicles (Fig. 2G) . As a control, VM P9A -GFP not only localized to the surface of vesicles but also to the cytoplasmic membrane (Fig. 2H) . We also examined the localization of VM-GFP in a mutant of Saccharomyces cerevisiae that produces fragmented vacuoles whose sizes are again similar to that of the forespore (10) . In these cells, VM-GFP localized primarily to the surface of vacuoles, whereas VM P9A -GFP localized to the concave periphery of the cells as well (Fig. 2 , K and L). VM-GFP and VM P9A -GFP were stable and was produced at similar levels in B. subtilis, E. coli, or S. cerevisiae ( fig. S1 ). Taken together, VM appears to respond to a geometric cue rather than a B. subtilis-specific feature of the membrane.
If so, then VM should bind preferentially to any phospholipid bilayer with a curvature similar to that of the outer forespore membrane. We asked whether purified VM-GFP would adsorb to the surface of phosphoplipid vesicles and whether it would favor vesicles similar in size to the forespore. We prepared by means of electroformation a heterogeneously sized population of unilamellar phospholipid vesicles, ranging in diameter from approximately 1 to 30 mm, with a distribution that peaked at 8 mm (11). We incubated the vesicles with purified VM-GFP harboring a C-terminal polyhistidine tag (VM-GFP-His 6 ) and examined the distribution of fluorescence with confocal laser microscopy. VM-GFP preferentially adsorbed to the smallest observable vesicles in the population (Fig. 3A) . In contrast, VM P9A -GFP displayed a diminished preference for smaller vesicles and adsorbed to the surfaces of even large vesicles (Fig. 3A) . The fluorescent signal resulted from surface-localized VM-GFPHis 6 , and a label introduced into the lipids resulted in uniform and equally fluorescent vesicles (11) .
The concentration of surface-adsorbed VM-GFP decreased as the diameter of the vesicles increased (Fig. 3B) . Thus, smaller vesicles harbored more VM-GFP per surface area than did larger vesicles. When vesicles were incubated with VM P9A -GFP, however, the decrease of fluorescence intensity with increasing vesicle size was much less pronounced, suggesting that VM P9A -GFP was recruited more readily to larger vesicles (Fig. 3B) . Next, we measured the number of vesicles whose fluorescence was at least 2.5 times higher than background fluorescence (Fig. 3C) . Strong adsorption of VM-GFP occurred for vesicles less than 5 mm in diameter and peaked near the smallest vesicles in the population at around 2.5 mm in diameter (by comparison, a forespore is approximately 1 mm in diameter). In our analysis, vesicles less than 1 mm in diameter were grossly underrepresented. Thus, we probably overestimated the peak size of vesicles to which VM-GFP was recruited, and VM-GFP may preferentially adsorb onto even smaller vesicles (Figs. 3B and 4A) . In contrast to VM-GFP, VM P9A -GFP adsorbed onto vesicles up to 20 mm in diameter, resulting in a broad distribution with a peak at about 5 mm. Substitution of P9 does not simply increase the affinity of VM for membranes. Thus, the adsorption of VM-GFP to membranes is sensitive to curvature and dependent on P9.
How can VM, which is 40 Å in length or less (12) , be sensitive to the curvature of micrometersized spheres? A precedent is adenosine 5´-diphosphate-ribosylation factor guanosine triphosphatase-activating protein 1 (ArfGAP1), a Golgi-associated protein that preferentially associates with yeast vesicles via a stretch of a-helix (13, 14) and is sensitive to curvature. But the vesicles recognized by ArfGAP1 are far smaller (~50 nm) and more highly curved than those recognized by VM. For a 40 Å rod lying flat on the surface of a 1-mm-diameter sphere, the maximum distance between one end of the rod and the surface of the sphere is less than 0.2 Å. It therefore seems improbable that the partitioning of individual VM molecules between differently sized spheres could be influenced by such a small degree of curvature. Several molecules of VM may thus be required to display a collective sensitivity for slightly curved surfaces. We tested whether the preferential adsorption of VM-GFP to smaller vesicles was dependent on the concentration of VM-GFP by measuring membrane fluorescence intensity as a function of vesicle size for different concentrations of VM-GFP. The preferential adsorption of VM-GFP onto smaller vesicles increased with increasing concentrations of protein (Fig. 4A) . Moreover, our data suggest a critical value of the vesicle diameter (D c ) of about 4 mm. For all concentrations, above D c the amount of VM-GFP adsorbed per unit area of membrane did not substantially vary. However, below D c and at higher concentrations, the adsorbed amount strongly increased with a decreasing vesicle diameter.
We then constructed an "adsorption isotherm," which is a signature of the adsorption mechanism. For a given vesicle diameter, we plotted membrane fluorescence intensity as a function of VM-GFP bulk concentration (Fig. 4B) . When the vesicle diameter was larger than D c , all curves were similar and approximately linear, indicating that the adsorption mechanism was the same and not dependent on membrane curvature. However, below D c the curves deviated from linear and became progressively steeper as the vesicle diameter decreased, which suggests an adsorption mechanism that involves cooperative interactions (clustering) among VM-GFP. Preliminary theoretical analysis points to clusters consisting of just a few VM molecules ( fig. S2 ) (11) . VM-GFP molecules do not appear to interact with each other directly ( fig. S3 ). An alternative possibility, however, and one that we favor, is that the insertion of a VM molecule into the membrane indirectly recruits other VM molecules to its vicinity analogous to the clustering of certain phospholipids (15) and membrane proteins (16, 17) : The energetic cost due to bilayer deformation induced by the insertion of VM could be minimized by the clustering of VM molecules, resulting in an apparent cooperativity that does not involve contact between protein molecules.
Might geometric cues represent a strategy by which proteins localize to particular patches of membrane in bacteria? Convex surfaces, such as that of the forespore, are not typical in bacteria. Nonetheless, some bacteria produce organelles with positively curved membranes, such as photosynthetic vesicles and magnetosomes (18, 19) . Perhaps amphipathic a-helices are used to identify the membranes of these organelles for protein localization. A major challenge in bacterial cell biology is to identify cues that recruit proteins to the poles of cells. Conceivably, membrane curvature, in this case extreme negative curvature, is used to identify the inside surface at the pole. Above D c , all data points were similar and well approximated by a linear fit (dotted line), whereas below D c the isotherms were steeper and deviated from linear. (C) Typical behaviors for small (1.5 T 0.5 mm) and large (6.5 T 0.5 mm) vesicles and theoretical curves obtained using a model for cooperativity (11) . Data points are mean T SD measured on n vesicles (n = 3 to 26), resulting from three independent experiments. This work was supported by the Harvard Nanoscale Science and Engineering Center, a Fulbright grant to S.L., and NIH grant GM18568 to R.L. Stripe rust is a devastating fungal disease that afflicts wheat in many regions of the world. New races of Puccinia striiformis, the pathogen responsible for this disease, have overcome most of the known race-specific resistance genes. We report the map-based cloning of the gene Yr36 (WKS1), which confers resistance to a broad spectrum of stripe rust races at relatively high temperatures (25°to 35°C). This gene includes a kinase and a putative START lipid-binding domain. Five independent mutations and transgenic complementation confirmed that both domains are necessary to confer resistance. Yr36 is present in wild wheat but is absent in modern pasta and bread wheat varieties, and therefore it can now be used to improve resistance to stripe rust in a broad set of varieties.
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B read wheat (Triticum aestivum L.) provides~20% of the calories consumed by humankind. The increasing world demand for cereals requires improved strategies to reduce yield losses due to pathogens. Wheat stripe rust, caused by the fungus Puccinia striiformis f. sp. tritici (PST, table S1), affects millions of hectares of wheat, and virulent races that have appeared within the past decade are causing large yield losses (1-3). Historically, resistant varieties have provided an economical and "environmentally friendly" method to control stripe rust. Numerous race-specific resistance genes have been deployed by breeders, but each has had limited durability, presumably because of rapid pathogen evolution. In contrast, partial resistance genes (i.e., "slow-rusting") offer a broader spectrum of resistance than race-specific genes; they are generally more effective at adult plant stages and usually confer more durable resistance (1). Unfortunately, our understanding of partial resistance to cereal rusts is limited because none of these genes has yet been cloned.
We report here the positional cloning of the high-temperature stripe rust resistance gene Yr36. This gene was first discovered in wild emmer wheat (T. turgidum ssp. dicoccoides accession FA15-3, henceforth DIC) (4). Analysis of Yr36 isogenic lines in different genetic backgrounds confirmed that this gene confers partial resistance to PST under field conditions and is associated with significant yield increases when the pathogen is present. In controlled environments, plants with Yr36 are resistant at relatively high temperatures (25°to 35°C) but susceptible at lower temperatures (e.g., 15°C) (4). Yr36 resistance, originally discovered in adult plants, has some effectiveness in seedlings at high temperatures ( fig. S1 ). Other high-temperature partial resistance genes have provided durable resistance to stripe rust and are used frequently in wheat breeding programs (5) (6) (7) (8) .
To clone Yr36, we crossed the susceptible durum wheat variety Langdon (LDN, Fig. 1A ) with the resistant isogenic recombinant substitution line RSL65 (Fig. 1B) , which carries Yr36 in a LDN genetic background. We screened a population of 4500 F 2 plants using Yr36 flanking markers Xucw71 and Xbarc136 (4) and identified 121 lines with recombination events between these two markers. On the basis of genes from the rice colinear region (9), nine polymerase chain reaction (PCR) markers were developed to construct a high-density map of Yr36 (Fig. 1, C and D, and table S2 ). With the use of replicated field trials and controlled environment inoculations (tables S3 and S4 and figs. S2 and S3), Yr36 was mapped to a 0.14-cM 
